is not fully understood. Since it affects multiple physiological systems, different organs must be analyzed in order to clarify disease etiology. Appropriate animal models can be used to investigate the pathogenesis of PCOS. Administration of steroid hormones and their modulators is the most widely used method to induce PCOS phenotypes in such models and has been applied to ewes, non-human primates, and rodents at different stages of pre-or postnatal development. [8] [9] [10] Recent studies have evaluated the role of neuropeptides in the hypothalamus of PCOS model animals including sheep and rodents. 11, 12 The latter is easier to handle than larger mammals, which is convenient for analyzing multiple organs especially the brain, since access is limited in human subjects.
Kisspeptin is a neuropeptide that positively regulates gonadotropin-releasing hormone (GnRH) secretion via G protein-coupled receptor 54 (also known as Kiss1r). 13 Given its role in reproductive function, Kisspeptin may be responsible for the higher serum LH level in PCOS patients. In the rodent hypothalamus, Kisspeptin neurons are located in the arcuate (ARC) and anteroventral periventricular (AVPV) nuclei, 14, 15 which express sex steroid receptors and engage in negative and positive feedback regulation, respectively. It was also shown that kisspeptin neurons in the ARC coexpress the neuropeptides dynorphin A and neurokinin (NK)B, which inhibit kisspeptin secretion and are therefore referred to as KNDy neurons. [16] [17] [18] The purpose of this literature review is to provide an overview of rodent models of hormone-induced PCOS from the perspective of the hypothalamic-pituitary-gonadal (HPG) axis, including recent evidence for the involvement of neuropeptides such as kisspeptin in this disorder.
| ANDROG EN -INDUCED P COS MODEL S
Hyperandrogenism is a major feature of PCOS. It has been suggested that exposure to excessive androgens early in life leads to PCOS in adulthood. As such, several androgens have been used to induce a PCOS-like condition in rodents including testosterone (T), 5α-dihydrotestosterone (DHT), and dehydroepiandrosterone (DHEA; Table 1 ).
| T-induced PCOS models
Pre-or postnatal administration of T can induce hyperandrogenemia in rats. In addition, prenatal exposure to T during the critical period of fetal development was shown to cause developmental and morphological abnormalities in the reproductive system. 19, 20 For prenatal administration, pregnant rats were given a single-dose injection of 5 mg free T on gestational day 20 or of T propionate (TP) from day 16 to 19 (3 mg T daily) of pregnancy. 19, 20 Postnatally, rats were administered TP at 1.25 mg/100 g body weight at 5 days of age 21 or were injected daily with TP at 1 mg/100 g body weight from 21 to 56 days of age. 
| Estrous cyclicity
Rats treated prenatally with T exhibited longer and irregular estrous cycles. 19, 23 Rats treated postnatally showed a disruption of estrous cyclicity and persistent diestrus.
21,22
| Ovarian morphology
The numbers of preantral and antral follicles were increased whereas those of preovulatory follicles and corpus luteum (CL) cells were decreased in the ovaries of rats treated prenatally with T as compared to control rats. Cystic follicles were also observed in prenatal T-treated rats. 19, 24 On the other hand, rats that were postnatally administered T showed large cystic or atretic follicles and luteinization of theca cells in the ovaries. 
| Gonadotropin and sex steroid profiles
In prenatal T-treated rats, T and LH levels and the LH/follicle-stimulating hormone (FSH) ratio in the estrus phase were higher than in control animals. However, FSH, estradiol (E2), and progesterone (P4) levels did not differ significantly from those in controls after singledose treatment. 19, 22, 24 In rats treated postnatally with T, serum T, LH, and prolactin (PRL) levels were increased whereas P4 and E2 levels were decreased relative to control animals that received a singledose treatment. 
| Neuropeptides in the hypothalamus
In ewes that were prenatally administered T, there were fewer KNDy cells within the ARC expressing both neurokinin-3 receptor and kisspeptin; however, the number of cells positive for kisspeptin only was higher relative to control ewes. 
| Metabolic features and adiposity
Prenatal T treatment caused an increase in blood glucose levels in rats without affecting body weight. 23 On the contrary, the body weight of postnatal T-treated rats increased when the animals were fed a high-fat diet while fasting glucose levels were unaffected. in the feedback control of GnRH/LH secretion 11 ; however, a limitation of this study is that they did not examine LH levels and ovarian morphology.
| DHEA-induced PCOS models
DHEA is an androgen that is primarily produced in the adrenal gland.
Women with PCOS have high levels of DHEA; therefore, DHEA is administered to rodents to generate PCOS models. A typical protocol is 6 mg/100 g body weight/day starting from postnatal day 21 to 23 for about 20-40 consecutive days. [25] [26] [27] DHEA has been administered by implantation of 7.5-mg 90-day continuous-release pellets in mouse models. 
| Estrous cyclicity
DHEA-treated rats showed irregular cycles, mainly remaining in estrus. 29, 30 In contrast, DHEA-treated mice showed regular cycles. 
| Ovarian morphology
Ovary weight in postnatal DHEA-treated rats was increased relative to that in controls 27, 31 ; this was accompanied by ovarian cyst expansion, an increased number of cystic follicles, granular cell layer thinning, and thickening of the theca cell layer. 29, 31 DHEA-treated mice showed normal ovary weight and growing follicle and CL populations. 
| Gonadotropin and sex steroid profiles
In the serum of DHEA-treated rats, LH levels were lower but T levels and LH/FSH ratio were higher than in control rats. 29, 32 Serum levels of FSH, LH, E2, T, and P4 did not differ significantly between DHEAtreated and control mice. 
| Neuropeptides in the hypothalamus
An analysis of GnRH, Kiss1, and Kiss1r mRNA levels in the hypothalamus of postnatal DHEA-treated rats revealed a reduction in Kiss1 transcript levels relative to the control. 32 
| Metabolic features and adiposity
In DHEA-treated rats, fasting serum glucose levels were increased whereas body and fat weights were unchanged as compared to the control. [31] [32] [33] Brown adipose tissue activity in rats was reduced by postnatal DHEA administration 33 ; however, serum total cholesterol, insulin sensitivity, fat depot weight, and adipocyte cell size were unaltered. DHEA-treated mice also had a lower body weight than controls. 
| Summary
Postnatal DHEA treatment in rats caused irregular cycles and increased LH/FSH ratio while decreasing LH level relative to controls, reflecting PCOS-like ovaries. However, DHEA-treated mice did not exhibit these features. Kiss1 mRNA level was decreased in the hypothalamus of DHEA-treated rats, which was accompanied by higher T and lower LH levels in the serum. Postnatal DHEA-treated rats are useful for investigating the impact of higher T in the ovary, but may not be the optimal model for high LH levels in disorders characterized by negative feedback regulation.
| DHT-induced PCOS models
DHT is not converted into E2 by aromatase; therefore, the PCOS phenotype can be analyzed in DHT-treated animals without considering the effects of estrogen converted from androgens.
| Prenatal DHT-treated models
To generate prenatal DHT-treated animals, mice were injected with 250 µg of DHT on days 16, 17, and 18 of gestation 28 whereas rats were administered 3 mg of DHT daily from gestational day 16 to 19.
The offspring served as prenatal DHT-treated PCOS models.
34,35
Estrous cyclicity
Rats and mice prenatally administered DHT showed irregular cycles.
The mice spent more days in diestrus and fewer in proestrus than controls, 28, 34 resulting in a decrease in the number of litters produced per 3 months.
36
Ovarian morphology
Rats prenatally treated with DHT had fewer normal large, antral, preovulatory follicles and CLs, and more atretic cyst-like follicles.
Ovaries of prenatal DHT-treated rats had a similar mass to those of control animals. 34 In prenatal DHT-treated mice, CL and antral follicle wall areas were decreased but the number of atretic cyst-like follicles and thickness of the antral follicle theca cell layer were increased compared to control mice.
28,36
Gonadotropin and sex steroid profiles
Prenatal DHT-treated diestrus rats had higher levels of LH and E2
and lower levels of P4 34, 35 ; however, in mice the P4 levels were decreased whereas E2, T, and gonadotropin levels were unchanged relative to the control. 28 
Neuropeptides in the hypothalamus
There was a significant increase in the number of kisspeptin-and NKB-positive cells in the ARC of the hypothalamus in prenatal DHTtreated rats, whereas the number of kisspeptin-positive cells in the AVPV did not differ from that in control animals in diestrus. 34 It was recently reported that γ-aminobutyric acid (GABA) input to GnRHexpressing neurons was increased in mice that were prenatally administered DHT. 37 
Metabolic features and adiposity
The body weights of prenatal DHT-treated rats and mice were similar to those of control animals. 34, 36 However, adipocyte area in parametrial fat and the degree of steatosis were increased relative to the control group by prenatal treatment with DHT. 28 
Summary
Prenatal DHT-treated rats and mice had irregular estrous cycles and PCO-like ovarian morphology. Increased LH levels were observed in prenatal DHT-treated rodents with a corresponding upregulation of kisspeptin in the ARC. On the other hand, there was no observable change in body weight. This is similar to the PCOS phenotype, which is characterized by normal body weight and enhanced LH secretion.
| Postnatal DHT-treated models
For postnatal DHT treatment, rats were subcutaneously administered DHT pellets (7.5 mg/pellet, 90-day release, daily dose = 83 µg) on postnatal day 21, 34,38,39 whereas in mice a tube containing 10 mg DHT was implanted subcutaneously at this time point. 28 .
Estrous cyclicity
The estrous cycle of postnatal DHT-treated rats and mice was completely disrupted, with most animals remaining in diestrus.
28,34
Ovary volume was decreased in postnatal DHT-treated as compared to control rats. 34, 38 Additionally, ovaries in the model group had large, atretic antral follicles and fewer CL than those of control animals. Postnatal DHT-treated mice had more atretic cyst-like follicles and fewer CL. Ovary weight did not differ between postnatal DHT-treated and control mice.
28,38
In postnatal DHT-treated rats and mice, LH, FSH, E2, and T levels did not differ significantly from those in controls, although P4 was downregulated. 28, 34, 38 Neuropeptides in the hypothalamus Kiss1 mRNA expression was reduced in the ARC of the hypothalamus in postnatal DHT-treated rats. 40 Meanwhile, the number of kisspeptin-positive cells showed a decreasing tendency and there were fewer NKB-positive cells in the ARC of postnatal DHT-treated as compared to control rats. 34 
Metabolic features and adiposity
Rats treated postnatally with DHT showed increased body weight and fat deposition, larger adipocytes, and decreased insulin sensitivity and muscle (tibialis anterior) weight compared to controls; these were associated with upregulation of insulin-like growth factor-1 expression. 41 In mice, postnatal DHT treatment increased body weight, serum total cholesterol level, amount of fat deposit, and adipocyte cell size 28 while reducing adiponectin levels and insulin sensitivity 33 relative to control animals.
Summary
Postnatal DHT-treated rats and mice showed similarities in phenotype. However, some of these differed from the features observed in humans. In particular, LH levels were unchanged in both models 
| AROMATA S E INHIB ITOR-INDUCED MODEL S

| Letrozole
Aromatase is an enzyme that converts T and androstenedione into E2 and estrone, respectively. Letrozole, a nonsteroidal aromatase inhibitor, blocks the conversion of androgens to estrogen and thus increases androgen level. As such, letrozole has been used to generate animal models of PCOS mostly by postnatal administration; in some cases, it was continuously administered to immature or adult rats (3-8 weeks of age) from about day 21 to 90. 28, 38, 42, 43 In rat models, letrozole doses vary from 1-3 mg daily by oral administration to 100-400 µg/d/100 g body weight by implantation of a subcutaneous pellet (Table 1) . [44] [45] [46] For mouse models, 9 mg letrozole were delivered via 90-day continuous-release pellets starting from postnatal day 21. 
| Estrous cyclicity
Letrozole-treated rats and mice were completely acyclic. 28, 38 Vaginal smears from this rat model revealed an abundance of leukocytes, the predominant cell type of the diestrus phase. 
| Ovarian morphology
Letrozole-treated rats showed increases in ovary weight, area of the largest follicle, and number of cystic follicles as compared to control rats, and their ovaries contained atretic antral follicles and follicular cysts. 38, 42, 46 The ovaries of letrozole-treated mice showed an increased number of unhealthy large antral follicles and hemorrhagic cysts relative to control animals. 
| Gonadotropin and sex steroid profiles
Serum LH, FSH, and T levels in letrozole-treated rats were elevated relative to those in control animals in estrous and diestrus. Moreover, serum E2 and progesterone levels were lower in these rats than in proestrus and diestrus controls, respectively. 42, 43 In mice treated with letrozole, serum T levels were higher whereas LH, FSH, E2, and P4 levels were similar to those in control animals.
| Neuropeptides in the hypothalamus
Kiss1 mRNA expression levels in the posterior hypothalamus were higher in letrozole-treated as compared to control rats, whereas no difference was observed in the anterior hypothalamus. 42 Additionally, in letrozole-treated rats, the levels of neurotransmitters that inhibit GnRH and LH release (serotonin, dopamine, GABA, and acetylcholine) were reduced whereas that of a stimulatory neurotransmitter (glutamate) was increased in the hypothalamus and pituitary. 47 
| Metabolic features and adiposity
Continuous administration of letrozole (200 µg/d) to 21-day-old female rats for 90 days yielded animals with the metabolic features of human PCOS such as increased body weight, inguinal fat accumulation, insulin resistance, and enlarged adipocytes in inguinal and mesenteric fat depots. 46 On the other hand, body and fat deposit weights and adipocyte size were unaltered by the treatment. 
| Summary
Letrozole-induced PCOS model rats exhibit acyclicity, cystic ovarian morphology corresponding to human PCOS, elevated serum LH levels, and higher Kiss1 mRNA expression in the posterior hypothalamus than control rats. This model recapitulates the metabolic features of human PCOS, including a PCO-like morphology and elevated serum LH levels, and is therefore appropriate for investigating human PCOS. The elevated Kiss1 mRNA and serum LH levels indicate that enhanced KNDy neuron activity was associated with impairment of the negative feedback effect of sex steroid hormones.
| PROG E S TERONE RECEP TOR ANTAGONIS T-INDUCED MODEL S
| RU486
RU486 (mifepristone), a progesterone receptor antagonist, is one the most common drugs used for emergency contraception. The binding affinity of RU486 to progesterone receptor is five times greater than that of P4. 48 Thus, RU486 can potently block the functions of progesterone. 49 Evidence from clinical studies indicates that RU486 suppresses follicle development, ovulation, and CL formation 50, 51 by disrupting the negative feedback of P4 to the hypothalamus. Accordingly, RU486
has been used to generate rat models of PCOS by administering 2 mg RU486/100 g body weight to adult rats for 1-2 weeks.
52-54
| Estrous cyclicity
After 4 days of RU486 treatment, rats showed irregular cycles consisting of persistent estrous.
46-48
| Ovarian morphology
The ovaries of RU486-treated rats showed follicular growth arrest and a higher rate of follicular atresia. 52, 54, 55 The numbers of preantral and small antral follicles and atretic cyst-like follicles-but not of large antral follicles-were also increased relative to untreated rats. 
| Gonadotropin and sex steroid profiles
Serum concentrations of estradiol, T, LH, and PRL were elevated in RU486-treated as compared to control rats; this was accompanied by a higher mean amplitude of LH pulses.
52,53,55
| Neuropeptides in the hypothalamus
Kisspeptin immunoreactivity was increased in the ARC of RU486-treated as compared to control rats. 
| Metabolic features and adiposity
Serum insulin levels tended to increase following RU486 administration, but the difference relative to untreated rats was not statistically significant. 
| Summary
Rats with RU486-induced PCOS harbored atretic cyst-like follicles in the ovaries similar to human PCOS and had irregular estrous cycles with increased serum LH concentration and pulse amplitude.
Moreover, kisspeptin expression was upregulated in the ARC of the hypothalamus in these animals relative to the control, reflecting a lack of negative feedback from progesterone. This model is appropriate for investigating the impairment of the negative feedback effect of progesterone in PCOS pathophysiology, although the persistent estrous and high estradiol levels do not correspond to human PCOS.
| E S TROG EN -INDUCED MODEL S
| EV (E2 valerate)
EV is a long-acting estrogen. Rat models of EV-induced PCOS have been established by injecting young adult female rats in estrus with a single dose of 2-4 mg EV.
56-58
| Estrous cyclicity
At 2 days after EV treatment, rats were mostly in estrus or proestrus-estrus; by 20 days, all of the animals were in constant estrus. 
| Ovarian morphology
The ovaries of EV-treated rats harbored large cyst-like follicles. Five to 16 days after EV injection, many of the follicles showed severe atresia; ovary weight declined 16 days after EV injection, resulting in ovaries of reduced size compared to control animals. 
| Gonadotropin and sex steroid profiles
Basal serum levels of LH declined following EV injection before gradually recovering; the levels were lower than control values 8 weeks of postinjection. Serum FSH levels showed a similar profile. However, plasma LH concentration was increased in EVtreated rats relative to the proestrus control after GnRH injection. 59 Administration of 2 mg EV also increased T and E2 levels, 60 whereas a concentration of 4 mg reduced T and increased LH and P4 but had no effect on E2 levels. 61 
| Metabolic features and adiposity
The body weight of EV-treated rats was comparable to that of control animals. 60 However, the weight of inguinal fat depots was higher in the former than in the latter group. There was no difference in insulin sensitivity between treated and untreated rats. TA B L E 2 Alteration of hypothalamic neuropeptides after hormonal treatment
| CON CLUS ION
In this review, we described hormone-induced rodent models of PCOS. Evidence for the roles of neuropeptides in the hypothalamus of PCOS models has been updated and is described above ( Table 2) . 62 Researchers should choose models whose features are suited to their research objectives; we described models that recapitulate different aspects of the PCOS phenotype in each summary, and it is hoped that this review will aid researchers in the selection of the appropriate animal model. PCOS animal models can be classified as first, second, or third generation. Models induced with estrogen and T are considered as first-generation models, since these are established by simply mimicking the hormonal profiles of PCOS patients.
However, there are some problems with these models that are overcome in second-generation animal models generated by treatment with letrozole and DHT. For example, one problem with T-treated models is that T is converted whereas DHT is not aromatized to estradiol, while letrozole can increase endogenous T. Transgenic mice treated with DHT represent the third generation of PCOS models and can be used to investigate the mechanistic basis for the PCOS phenotype induced by hormonal treatment. Findings from studies using these animal models can provide important and novel insights into the pathophysiology of PCOS in humans.
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